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EXPEF,IbmiTAL ITWESTIGATIOl'I OF VIBRhnOEIY STRESSES IiL' A COI!CZI'ERIC- 
RIIIG DIRZCT -mi? -CYCLE TJUCLEAR FJEL ~ L Z l 4 3 J T  
Ey Faz r i ck  T .  C h i a r i t o  
Fre l iminary  t e s t s  made ky t h e  Genera; E l e c t r i c  Ccmpany i n d i c a t e 6  
t h s t  a e r e d ~ ~ n a n i c  I s ads  might cause l a r g e  ezough c i i s to r t l ons  i n  t 5 e  t h i r  
shee t -ne ts ;  r i rLgs  of a  nuc lear  f u e l  e l e n e r t  t o  r e s u l t  i n  s t r u c t l ~ r a l  f a i l -  
u r e  of t h e  f u e l  element.  I n  order  t o  determin? t k e  magnitude of %?-? 65s- 
t o r t i o n s  I n  a t e s t  f u e l  element,  su r f ace  s t r a i n s  7dere aeasured  vit?: air-  
flo-..? cond i t i cns  expected dur ing  engine ope ra t ion ,  -dlth t h e  except ion  t h a t  
. . 
r o o e - t s r q e r a t u r e  a i r  was used.  
The v i b r a t o r y  s t r a i r i s  neasured -.?ere lo7; enoagh t c  i n d l c a t e  %Fie In- 
p r ~ b a t i l i ~ y  of f a i l u r e  ky  f a t i g u e  . h conserva t ive  e s t ima te  of t h e  ra5 iaT 
d e f l e c t i o ~ ~  of t h e  o u t e r  r i n g  t c z t  accompanied peak s t r a l n s  was L0.0003 
i --I r..- 
A . 
Th?se r e s u i t s  should be usefu; i n  interpreting t h e  s t r u c t u r a l  : t a r -  
a c t e r i s t i c s  of f u e l  elements of t h e  t j p e  t e s t e d  ;;F1ec su-r,jecte2 t c  engine- 
c ~ e r a t l n g  a i r  temperatures  of a touz  2 0 ~ 0 "  F .  
?- a i r  f l o - d n g  tkrough t-e aqnular  passages of a  concen t r i c - r ing  
d l r e c t  -air-2;-2le nuc lear  f u e l  elemsnt imposes aerod;marr.ic ; i f t  and drag  
. . l oads  on t k e  t c l n  c y l i n d r i c a l  s h e l l s .  These loads induce s t a t i c  a s  -del l  
a s  v i k r a t o r y  s t r e s s e s  i n  t h e  s k e e t  neta;. Pre l iminar ;~  t e s t s  made by :he 
General  E l e c t r i c  (Zompany i n d i c a t e d  t h a t  t h e  s h e i l  d i s z o r t i o n s  might t e  
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spots ,  i n  t u r n ,  would cause f u r t h e r  d i s t o r t i o n s  which would cause 
spo t s ,  and so  on, u n t i l  s t r u c t u r a l  f a i l u r e  of t h e  f u e l  element occ 
The ob jec t ive  of t h e  p r o j e c t  undertaken by t h e  NACA was t o  m 
t h e  v i b r a t o r y  s t r a i n s  during a i r f low a t  room temperature and t o  d 
whether t h e s e  s t r a i n s  caused excess ive  d i s t o r t i o n s  of t h e  s h e l l s .  
t e s t s  were of  a  pre l iminary  na ture  t o  f i n d  ou t  whether t h e r e  e x i s t s  
important b a s i c  problem t o  be inves t iga ted  f u r t h e r  by t h e  NACA. A b e t t  
understanding of t h i s  d i s t o r t i o n  mechanism would provide b a s i c  infopea-  
t i o n  concerning t h e  behavior of d i r e c t - a i r - c y c l e  fuel-element s t r u c t u r e s  
of t h i s  t y p e .  Although t h e  t e s t s  were run wi th  cold a i r f low,  it -das ex- 
pec ted  t h a t  t h e  r e s u l t s  would be  u s e f u l  i n  i n t e r p r e t i n g  t h e  s t r u c t u r a l  
behavior  of such elements when subjec ted  t o  opera t ing  a i r  temperatures 
of about 2000° F .  It was f u r t h e r  intended t o  i n t e g r a t e  t h e  NACA r e s u l t s  
and those  obtained by General E l e c t r i c  t o  decide whether t h e  proposed 
des ign  was adequate. 
Vibra tory  s t r a i n s  were measured i n  t h e  ou te r  s h e l l s  of two tandem 
f u e l  elements a t  s e v e r a l  increments of s t a t i c  pressure  and v e l o c i t y  of 
room-temperature air up t o  t h e  maximum condi t ions  expected i n  t h e  engine 
i n s t a l l a t i o n s .  I f  t h e  v i b r a t o r y  s t r a i n s  had been high enough, t h e  t e s t s  
probably would have been extended t o  high-temperature a i r f low t o  s imula te  
more c l o s e l y  t h e  r e a c t o r  ope ra t ing  condi t ions .  
Tes t  Specimen 
One c a r t r i d g e  inc luding two simulated f u e l  elements i n  tandem was 
used i n  t h e  t e s t s .  The f u e l  elements used i n  t h e  proposed nuclear  en- 
g ine  c o n s i s t  of Nichrome V shee t s  of t h e  same t o t a l  th ickness  a s  those  
i n  t h e  t e s t  specimen, bu t  containing a  r ad ioac t ive  core (probably of en- 
r i ched  uranium o x i d e ) .  The s t r u c t u r a l  c h a r a c t e r i s t i c s  of t h e  r e s u l t i n g  
sandwich, t h e r e f o r e ,  d i f f e r  somewhat from those  of t h e  sheet  metal  used 
i n  t h e s e  t e s t s .  The c a r t r i d g e  shown i n  f i g u r e  1 was used a f t e r  t h e  over-  
hangs of t h e  r a i l s  were c u t  t o  r e l i e v e  t h e  excess braze,  a s  discussed i n  
t h e  s e c t i o n  e n t i t l e d  S t r a i n  Gages. F igure  2 shows t h a t  each f u e l  element 
cons is ted  of seven concent r ic  cy l inde r s  of 0.016-inch Nichrome V .  Each 
cy l inde r  was brazed t o  s i x  r a d i a l  sheet-metal  s t r i p s  a t  t h e  leading  edge. 
The ends of t h e s e  s t r i p s  were brazed t o  r a i l s  which pos i t ioned t h e  
1 1--inch-long f u e l  elements.  Short  c l i p s  were used t o  support t h e  t r a i l -  2  
i n g  edges of t h e  cy l inde r s  a s  we l l  a s  t h e  leading  edges between r a d i a l  
s t r i p s ,  a s  shown i n  f i g u r e  2(a)  . dnly t h e  "brims" of t h e s e  "hat -sec t ion"  
c l i p s  were brazed (i . e . ,  t o  t h e  inner  cy l inde r s  on ly ) ,  t h e  c l i p s  thereby 
s imula t ing  simple supports  on t h e  ou te r  cy l inde r s .  
1 The c a r t r i d g e  was pushed i n t o  t h e  2?-inch-inside-diameter s 
.d 
s t e e l  l i n e r ,  as shown i n  f i g u r e  3. The 9/16-inch-diameter Nic 
s imulated t h e  c o n t r o l  rod used i n  t h e  r e a c t o r  and w a s  suppor te  
three- legged  s p i d e r  f o r  t h e  f i r s t  t e s t  and by s l ende r  r a d i a l  rod  
t h e  o t h e r  two t e s t s .  
Tes t  F a c i l i t y  
The t e s t  f a c i l i t y  i s  shown schemat ica l ly  i n  f i g u r e  4 .  Air was 
p l i e d  at room temperature and a  p re s su re  of 125 pounds p e r  square  i n  
gage and was exhausted t o  t h e  atmosphere through a muf f l e r .  The air  
r a t e  w a s  c o n t r o l l e d  by a p r e c i s i o n  va lve  and metered by' a sharp-edged 
o r i f i c e ,  which was i n s t a l l e d  according t o  ASME s p e c i f i c a t i o n s .  The 
i n l e t - a i r  p re s su re  was measured a t  s t a t i o n  1 by a  s t a t i c  w a l l  t a p  con- 
nec ted  t o  a  mercury manometer ( f i g .  3 ) .  The p r e s s u r e  l o s s  ac ros s  t h e  
fuel-element  assembly w a s  measured by s t a t i c  w a l l  t a p s  at s t a t i o n s  1 
2 connected t o  a mercury d i f f e r e n t i a l  manometer. The s t a t i c  t a p s  at 
s t a t i o n s  1 and 2 were provided by t h e  General E l e c t r i c  Company. Air t e  
p e r a t u r e  das measured by a s i n g l e - j u n c t i o n  i ron-cons tan tan  thermocouple 
and i n d i c a t e d  by a  poten t iometer .  
S t a t i c  p r e s s u r e s  were a l s o  measured a t  p o i n t s  immediately upstream 
( s t a t i o n  3) and downstream ( s t a t i o n  5 )  of t h e  f u e l  elements and between 
t h e  elements ( s t a t i o n  4 ) .  
The bellmouth a t  t h e  i n l e t  and t h e  absence of a  t r a n s i t i o n  p i e c e  
at t h e  o u t l e t  s imulated cond i t i ons  occu r r ing  i n  t h e  proposed engine 
i n s t a l l a t i o n ,  
S t r a i n  Gages 
Vibra tory  s t r a i n s  were determined by f eed ing  s i g n a l s  from 350-ohm 
Bakelite r e s i s t ance -wi re  s t r a i n  gages i n t o  a  cathode-ray o s c i l l o s c o p e  
and measurir-g t h e  d e f l e c t i o n  of t h e  t r a c e .  One gage w a s  mounted i n  t h e  
c i r c u m f e r e n t i a l  d i r e c t i o n  and one i n  t h e  a x i a l  d i r e c t i o n  on each f u e l  
element ( f  lg. 2(b)  ) . These gages were loca t ed  on t h e  o u t e r  s u r f a c e  mid- 
way between r a i l s  and a t  midlength because maximum s t r a i n s  were expected 
a t  t h e s e  p o i n t s .  Furthermore, t h e  l o c a t i o n s  were s e l e c t e d  so  a s  not  t o  
i nc lude  panels  bounded by s h e e t  s p l i c e s  o r  by l i n e s  of a c c i d e n t a l  b r a z i  
between t h e  underside of t h e  ra i ls  and t h e  o u t e r  s u r f a c e  of t h e  element 
Fo r  t e s t  3, t h e s e  excess  b razes  were c u t .  The overhargs a t  t h e  ends o 
t h e  r a i l s  were c u t  of f  t o  f a c i l i t a t e  c u t t i n g  t h e  hard Nicrobraz under- 
nea th .  The s t r a i n  gages were t h e n  r ep laced ,  w i t h  much c a r e  be ing  t a k e n  
t o  produce an aerodynamically smooth s u r f a c e  over t h e  gages and l e a d  
wi re s .  I n  t h i s  way, t h e  p o s s i b i l i t y  of v i b r a t i o n s  caused by s u r f a c e  
roughness was minimized. 
Frequencies  of v i b r a t o r y  s t r a i n s  were determined by no t ing  t h  
c l l l a t o r  s i g n a l s  needed t o  form a  L i s sa jous  p a t t e r n  on t h e  same 
o s c i l l o s c o p e .  
The s e n s i t i v i t y  of t h e  c i r c u i t  was about 200 microinches p e r  i n  
of s t r a i n  p e r  i nch  of t r a c e  d e f l e c t i o n .  
PROCEDURE 
The a i r f l o w  was increased  i n  at l e a s t  f i v e  s t e p s  up t o  t h e  maximum 
cond i t i ons  p r e s c r i b e d .  A t  each s t e p ,  t h e  v i b r a t o r y  s t r a i n s  and frequen-  
c i e s  were measured. Table I l i s t s  s e v e r a l  q u a n t i t i e s  t h a t  de f ine  t h e  
t e s t  cond i t i ons  observed f o r  each t e s t .  These condi t ions  were considered 
by General  E l e c t r i c  t o  be  most u s e f u l .  
Af te r  i n v e s t i g a t i o n  of t h e  v i b r a t i o n s  cqused by high v e l o c i t y  and 
h igh  dynamic p r e s s u r e  head, t h e  cond i t i ons  were changed t o  permit  meas- 
urements of t h e  v i b r a t i o n s  a t  low v e l o c i t y  and p re s su re  head. The change 
w a s  accomplished by inc reas ing  t h e  s t a t i c  back p re s su re .  
RESULTS AND DISCUSSION 
High-Velocity Flow Condit ions 
The v i b r a t o r y  s t r a i n s  measured d u r i n g . t h e  h igh -ve loc i ty  f low i n  t e s t s  
1 and 2 a r e  shown i n  f i g u r e s  5 ( a )  and ( b )  f o r  each s t e p  Ln t h e  a i r f l o w .  
Gage 4 i n d i c a t e d  no measurable s t r a i n .  There was l i t t l e  v a r i a t i o n  i n  
s t r a i n  a s  t h e  a i r f l o w  was inc reased .  Ci rcumferent ia l  s t r a i n s  were about 
equal  i n  bo th  elements and exceeded t h e  a x i a l  s t r a i n s  by a f a c t o r  of 
about 3 .  This  sugges ts  t h a t  t h e  a x i a l  gages were measuring e s s e n t i a l l y  
t h e  Poisson e f f e c t .  The s t r a i n s  measured under t h e s e  f low cond i t i ons  were 
low enough t o  i n d i c a t e  t h a t  f a i l u r e  by f a t i g u e  was improbable. 
The f r equenc ie s  of s t r a i n  r e v e r s a l  a t  each t e s t  p o i n t  a r e  i n d i c a t e d  
i n  t h e  key. The s l i g h t  d i f f e r e n c e  i n  frequency measured f o r  t h e  second 
s t e p  of t e s t  1 does not  seem t o  b e  d i r e c t l y  r e l a t e d  t o  t h e  s t r a i n  v a r i a -  
t i o n .  The much h igher  frequency (11,000 c p s )  measured a t  t h e  f i r s t  s t e p  
of t e s t  2  was a l s o  no t  a s s o c i a t e d  wi th  an  apprec iab lo  v a r i a t i o n  i n  s t r a i n .  
An a t tempt  w a s  made t o  c o r r e l a t e  t h e  f r equenc ie s  of v i b r a t i o n  meas- 
ured dur ing  a i r f l o w  wi th  t h e  n a t u r a l  f requency of t h e  f u e l  element.  The 
f u e l  element vas  removed from t h e  l i n e r  and e x c i t e d  wi th  a  speaker- type 
v i b r a t o r .  A c r y s t a l - t y p e  probe w a s  used t o  l o c a t e  nodes and t o  d e t e c t  
resonant  f r equenc ie s  wi th  t h e  a i d  of an o s c i l l a t o r .  Although t h e  nodes 
were not  c l e a r l y  def ined ,  p a r t l y  because of t h e  i n t e r a c t i o n  among t h e  
concen t r i c  c y l i n d e r s ,  t h e r e  w a s  some i n d i c a t i o n  of resonance w i t h  s i x  
SECRET 
With t h e  c o n t r o l  rod  supported downstream 'cy t h e  sp ide r  p r o v i  
t h e  p re s su re  l o s s  ac ros s  t h e  upstream klement (max. of 10.6 lb/sq 
w a s  about 13  t imes  t h e  p re s su re  l o s s  ac ros s  t h e  do-as t ream element 
of 0 .8  lb / sq  i n .  ) . Pres su re  measurements downstream 3f t h e  s p i d e r  
c a t e d  supersonic f low.  It was ev ident  t h a t  t h e  a i r s t r e a m  was be ing  
a t  t h e  s p i d e r .  This  i s  f u r t h e r  s u b s t a n t i a t e d  by t h e  f a c t  t h a t  t h e  s p i  
blocked about 23 percent  of  t h e  l i n e r  c ros s  s e c t i o n ,  whereas t h e  f u e l  e  
ment blocked o n l y  22 pe rcen t .  This  choking was r e l i e v e d  a f t e r  t h e  sp id  
was rep laced  by t h r e e  r a d i a l  1/8-inch-diameter rods ,  xh ich  blocked abou 
12 pe rcen t  of t h e  a r e a  ( f i g .  3 )  . A s  a r e s u l t ,  t h e  measured p re s su re  
l o s s e s  ac ros s  both  f u e l  elements were n e a r l y  equal  ( m a .  of 14 .3  lb/sq 
i n . ) .  
An e s t ima te  of t h e  r a d i a l  d e f l e c t i o n  of t h e  o u t e r  r i n g  t h a t  accom- 
panied t h e  h i g h e s t  measured s t r a i n  (235 p i n . / i n . ,  t e s t  1 )  was 20.0006 
i n c h .  This  e s t ima te  i s  based on t h e  conse rva t ive  assumption t h a t  t h e  
o u t e r  cy l inde r  comprises s i x  p l a t e  elements,  and simple suppor ts  a r e  p ro -  
v ided  by t h e  r a d i a l  f i n s  at t h e  upstream end and by t h e  c l i p s  a t  t h e  down 
s t r e a n  end. Actua l ly ,  t h e  r a d i a l  f i n s  provide  more n e a r l y  f ixed-end con- 
d i t i o n s ,  t h e  r e s u l t i n g  d e f l e c t i o n  be ing  l e s s  t han  c a l c u l a t e d .  
Low-Velocity Flow Condit ions 
The s t r a i n s  measured dur ing  t h e  low-veloci ty  f low i n  t e s t  3 (shown 
i n  f i g .  5 ( c ) )  were e s s e n t i a l l y  of t h e  same magnitude a t  maximum f low as 
t h o s e  f o r  t h e  previous  cond i t i ons .  The a i r f l o w  was inc reased  i n  smal le r  
increments ,  and a  t r e n d  of i n c r e a s i n g  s t r a i n  wi th  a i r f l o w  was i n d i c a t e d .  
Gages 2 and 4 ind ica t ed  no measurable s t r a i n .  
These measurements were t aken  a f t e r  new s t r a i n  gages were mounted 
wi th  extreme c a r e  taken  t o  produce an  aerodynamically smooth s u r f a c e  over  
t h e  gages and l e a d  w i r e s .  There was no d i s c e r n i b l e  e f f e c t  from c u t t i n g  
t h e  excess  b razes .  Had t h e  s t r a i n  gages been mounted on pane l s  bordered 
by excess  b raze ,  an e f f e c t  might have been measured. 
As  i n  t h e  previous  a t tempt ,  it was not  p o s s i b l e  t o  i s o l a t e  t h e  nodal  
p o i n t s .  Many resonant  f r equenc ie s  were found between 435 and 4000 cps,  
w i t h  a r ead ing  taken  on e i t h e r  s i d e  (2070 and 2190 cps)  of t h e  frequency 
of s t r a i n  cyc l e s  measured i n  t e s t  3 (2130 c p s ) .  
For  t h e s e  condi t ions ,  t h e  maximum r a d i a l  d e f l e c t i o n  was es t imated  
t o  be  20,0003 inch .  
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The v i b r a t o r y  s t r e s s e s  and r a d i a l  d e f l e c t i o n s  r epor t ed  w 
mined wi th  room-temperature a i r f low.  The nominal va lue  of s t  
ured dur ing  t h i s  cold f low i n d i c a t e s  t h e  improbabi l i ty  of str 
f a r l u r e  due t o  f a t i g u e .  
These r e s u l t s  should be u s e f u l  i n  i n t e r p r e t i n g  t h e  s t r u c t u r a l  
a c t e r i s t i c s  of d i r e c t - a i r - c y c l e  f u e l  elements,  of t h e  t y p e  t e s t e d ,  w 
subjec ted  t o  engine ope ra t ing  cond i t ions .  
The proposed fuel-element  des ign  appears  t o  be  adequate.  There 
seems t o  be  no b a s i c  v i b r a t i o n  problem at  t h e  f l o v  condi t ions  used t o  
warrant  f u r t h e r  i n v e s t i g a t i o n  by t h e  NACA. 
Lewis Fiig?it  Propulsion Laboratory 
Nat ional  Advisory Committee f o r  Aeronautics 
Cleveiand, Ohio, February 7 ,  1957 
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NUCLEAR FUEL EL- 
T e s t  A i r f l o w '  Cond i t i ons  a t  s t a t i o n  1 Remarks 
r a t e ,  1 l b / s ec  S t a t i c  Dynamic Mach p r e s s u r e ,  p r e s s u r e ,  number 1 
i I i b / s q  i n .  1b/sq i n .  
I a b s  1 
1 j 1.32 19.4 1 1.82 Choking a t  
2 . 5 2  36.2 3.29 3 5 6  I 0' 3 1 s p i d e r  
52.2 4 .92 1 .356 I 
1 4 - 7 3  6 7 . 7  j 6 .50  1 . 3 5 6 1  
I I I 
2  1 . 44  j 18 .9  1 2.21 0.399 / c h o k i n g  
I 
I 2.16 1 27.9 ! 3 .29  .401 I r e l i e v e d  
I 2.80 36.4  4.17 , :::: 1 a f t e r  
3 .47  1 44 .9  5.16 1 s p i d e r  
/ 53.4 6.09 .396 
I 
w a s  
I I I / r e p l a c e d  
I 
I 
I I 
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EXFESIMENTAL 1I"VESTIGXION OF VIERATORY ST 
RING DIF&CT -AIR -CYCLE TRJCLEAR FUEL ELEMENT 
By P a t r i c k  T. C h i a r i t o  
ABSTRACT 
Pre l iminary  t e s t s  made by t h e  General E l e c t r i c  Company 1 
t h a t  aerodynamic loads might cause l a r g e  enough d i s t o r t i o n s  i n  
sheet-metal  r i n g s  of a nuclear  f u e l  element t o  r e s u l t  i n  s t r u c  
u r e .  The magnitude of t h e  d i s t o r t i o n s  i n  a  t e s t  f u e l  element w 
mined from s t r a i n s  measured wi th  a i r f low condi t ions  s imula t ing  
pected dur ing  e ~ g i n e  ope ra t ion .  
The measured v i b r a t o r y  s t r a i n s  were low enough t o  i n d i c a t e  t h  
p r o b a b i l i t y  of f a i l u r e  by f a t i g u e .  A conserva t ive  e s t ima te  of t h e  
d e f l e c t i o n  t h a t  accompanied peak s t r a i n s  i n  t h e  o u t e r  r i n g  w a s  +O 
i nch .  
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